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Summary

Introducing double-stranded DNA (dsDNA) into the cytoplasm of macro-
phages and dendritic cells triggers the activation of these professional
antigen-presenting cells (APCs). This process is characterized by the up-
regulation of costimulatory molecules and the production of various
cytokines, chemokines, and antibacterial/viral factors. Current findings
indicate that interferon-f (IFN-B) plays a key role in the stimulatory cas-
cade triggered by dsDNA. Both immune and non-immune cells respond
to intracytoplasmic dsDNA by up-regulating IFN-f3) expression, a process
that reduces host susceptibility to infection. The immune activation
induced by dsDNA is independent of MyD88, TRIF and DNA-PKcs, indi-
cating that a Toll-like receptor-independent mechanism underlies the
cellular activation mediated by intracytoplasmic dsDNA.
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Introduction

Dendritic cells (DCs) and macrophages transfected with
dsDNA up-regulate expression of major histocompatibility
complex (MHC) class II, CD40, CD54, and produce fac-
tors (such as nitric oxide) that reduce host susceptibility
to infection.'™ These effects suggest that self DNA released
by injured host cells may stimulate antigen-presenting cells
(APCs), improving the clearance of necrotic debris and
reducing the risk of opportunistic infection.”® Previous
studies showed that the recognition of dsDNA was
sequence independent and required that the DNA be pre-
sent in the cytoplasm of target cells."”> Thus, immune sti-
mulation was promoted by agents that improved dsDNA
uptake (such as liposomal transfection reagents) and
inhibited by agents that blocked DNA internalization.”'
Little is known of the signalling cascade triggered by
dsDNA recognition.

DCs and macrophages respond to pathogen associated
molecular patterns (PAMPs) — highly conserved molecules

expressed by a diverse array of infectious microorgan-
isms."" This recognition is typically mediated by members
of the Toll-like family of receptors (TLR).'> For example,
unmethylated CpG motifs in bacterial DNA stimulate an
innate immune response by binding to TLRY, while viral
nucleic acids are recognized via TLR7 and TLR8.">™'
Upon binding to their cognate PAMP, TLRs interact with
adaptor molecules (MyD88 and/or TIR-domain-contain-
ing adapter-inducing IFN-f; TRIF), initiating a signalling
cascade that culminates in cellular activation.!®!” Of note,
APCs are also stimulated by certain self molecules (partic-
ularly components of dying host cells), although the
receptors involved in that process are unknown.'®"

Type 1 interferons (IFNs; IFN-o/f) play an essential
role in antiviral immunity by directly inhibiting viral rep-
lication in infected cells. Type 1 IFNs are induced by
PAMPs, including dsRNA, ssRNA and CpG DNA.'>?*
Thus, viral infection of professional APCs could trigger
the secretion of type 1 IFNs through a PAMP/TLR medi-
ated pathway. However, many non-immune cells that lack

Abbreviations: ds, double-stranded; ODN, oligodeoxynucleotide; TRIF, TIR-domain-containing adapter-inducing IFN-f3; DC,
dendritic cell; bone-marrow-derived DCs, BMDCs; CT, calf thymus; PN, polynucleotides; MEFs, murine embryonic fibroblasts.
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TLRs also produce type 1 IFNs in response to viral infec-
tion, suggesting that an alternative viral recognition path-
way may exist.

This work examines the effect of dsDNA on the activa-
tion of immune and non-immune cells. Results suggest
that type 1 IFNs, most notably IFN-f, are key to the
immunomodulatory cascade stimulated by dsDNA. This
cascade is TLR, MyD88 and TRIF independent, and is pre-
sent in both immune and non-immune cells, and confers
resistance to herpes simplex virus-2 (HSV-2) infection.

Materials and methods

Animals and cell lines

Female BALB/c C57BL/6 and SCID mice were obtained
from the National Cancer Institute (Frederick, MD) and
studied at 6-10 weeks of age. TLR9-, MyD88- and TRIF-
knockout (KO) mice were kindly provided by Dr S. Akira
(Osaka University, Osaka, Japan). All studies were
approved by the Center for Biologics Evaluation and
Research Animal Care and Use Committee. The RAW
264.7 mouse macrophage cell line, C2C12 mouse muscle
cell line, TRAMP mouse prostate carcinoma and VK2/E6E7
human vaginal mucosa were purchased from American
Type Culture Collection (Manassas, VA). MCA-106 mouse
fibrosarcoma was kindly donated by Dr K. Kawakami.
KYSE70 human oesophageal squamous cell carcinoma,
HLE human hepatoma and Panc-1 human pancreatic
adenocarcinoma were kindly donated by Dr T Shimamura.

Cell preparation

Bone marrow-derived DCs (BMDCs) were prepared from
BALB/c mice as previously described.”' Briefly, 2 x 10°
bone marrow cells obtained from the femur were seeded
into a 100 mm Petri dish in 10 ml of RPMI supple-
mented with 10% fetal calf serum (FCS) and 20 ng/ml
granulocyte-macrophage colony-stimulating factor (BD
PharMingen, San Diego, CA). Medium was replaced on
day 3, and cells harvested on day 7 by treatment with
3 mMm ethylenediaminetetra-acetic acid (EDTA) for 5 min.

Peritoneal cells were isolated from mice injected i.p.
with thioglycolate. These cells were cultured in RPMI plus
5% FCS for 4 hr, non-adherent cells removed, and perito-
neal macrophages in the adherent monolayer used for
further study.*”

Murine embryonic fibroblasts (MEFs) from BALB/c
mice were described previously.'” MEFs were cultured in
RPMI supplemented with 10% FCS.

DNA preparation and antibodies
Calf thymus (CT) and Escherichia coli (EC) DNA were

purchased from Sigma Chemical Co. (St. Louis, MO).
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HSV DNA was prepared from virions isolated from Vero
cells infected with HSV-2 strain 333. The cells were lysed
by freeze-thawing three times and then resuspended in
lysis buffer (0-5% NP-40, 30 mm Tris [pH 7-4], 120 mm
KCL, 5 mM Mg acetate, 3-6 mm CaCl, 0-5 mM EDTA)
containing 6 mm P-mercaptoethanol and 0-5% deoxy-
cholic acid (DOC). Contaminating cellular nucleic acids
were removed by digestion for 30 min at 37° with DNase
I and RNase A. Virions in the solution were pelleted on a
5-40% glycerol gradient by centrifugation for 1 h at
108 000 g. The virus pellet was resuspended in STEP buf-
fer (1% sodium dodecyl sulphate, 0-5 M Tris [pH 7-4],
10 mm EDTA and proteinase K). HSV-2 virion DNA was
extracted twice with an equal volume of phenol-chloro-
form (1:1) equilibrated with Tris-HCl (pH 7-5) and
twice with chloroform—isoamyl alcohol (24 : 1).

Synthetic polynucleotides (PN) were purchased from
Amersham Pharmacia (Piscataway, NJ). All DNA pre-
parations were purified by repeat phenol-chloroform
extractions, and treated with Triton-X-114 to remove
endotoxin as previously described." Less than 0-01 U/ug
endotoxin or protein was present in any of the DNA
preparations as determined by a Limulus amoebocyte
lysate assay (BioWhittaker, Walkersville, NJ). ssDNA was
prepared by boiling dsDNA for 5 min and then plunging
into an ice bath. Poly(I:C) was purchased from Invivogen
(San Diego, CA). Murine anti-interleukin-6 (IL-6; clone
MP5-20F3) and anti-tumour necrosis factor-o. (TNF-oy;
clone TN3-19,12) Abs were purchased from BD Pharmin-
gen (San Diego, CA). Anti-IFN-B antibody was purchased
from Yamasa corporation (Tokyo, Japan).

Oligodeoxynucleotides (ODN)

Endotoxin-free phosphorothioate ODN were synthesized
at the CBER core facility. The following ODNs were used:
murine CpG ODNj555 (GCTAGACGTTAGCGT); Human
CpG ODNg; (ATCGACTCTCGAGCGTTCTCQ).

Transfection

DNA cytofectin complexes were prepared according to the
manufacturers’ instructions. Briefly, DNA was mixed 1 : 1
with the Fugene6 transfection reagent (Roche Molecular
Biochemicals, Indianapolis, IN) in 1 ml of serum-free
OptiMEM (Life Technologies, Gaithersberg, MD) for
15 min at room temperature and then added to cells.

Fluorescence-activated cell sorting (FACS)

Cells were washed with phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde for 5 min at 37°, and
stained with phycoerythrin (PE)-labelled anti-CD40 anti-
body (BD PharMingen) for 30 min at room temperature.
Stained cells were washed, re-suspended in PBS/0-1%
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bovine serum albumin (BSA) plus azide, and analysed by
FACSort (BD Biosciences, San Jose, CA).

Nitrite assay

NO levels in culture supernatants were assessed using the
Griess reagent (Sigma-Aldrich). Nitrite concentration was
calculated by comparison to a standard curve generated
by sequentially diluting sodium nitrite.

Reverse transcription—polymerase chain reaction
(RT-PCR)

Total RNA was extracted from target cells using TRIzol
reagent (Life Technologies Inc., Carlsbad, CA) as recom-
mended by the manufacturer. 1 pg of total RNA was
reverse-transcribed in first strand buffer (50 mm Tris-
HCI, pH 7-5, 75 mMm KCl, and 2-5 mm MgCl,), containing
25 pg/ml oligo-(dT);,-18, 200 U Moloney leukaemia virus
reverse-transcriptase, 2 mm dinucleotide triphosphate, and
10 mm dithiothreitol. The reaction was conducted at 42°
for 1 hr. A standard PCR was performed on 1 pl of the
c¢DNA synthesis using the following primer pairs in
Table 1. Aliquots of the PCR reactions were separated on
a 1-5% agarose gel and visualized with UV light after
ethidium bromide staining. Images were processed using
NIH image for densitometric analysis.

TagMan RT-PCR

IFN-B and reduced glyceraldehyde phosphate dehydro-
genase (GAPDH) mRNA levels were quantified by TagMan
PCR. Primers and probes were used at a final concentration
of 300 nm and 200 nMm, respectively, according to the
manufacturer’s recommendation. All PCR reactions were
performed in duplicate using the TagMan Universal PCR
Master Mix (Applied Biosystems). Amplifications, detec-
tion, and analysis were performed in an ABI PRISM 7700
system (Applied Biosystems). Relative mRNA levels were
determined using the comparative cycle threshold (Cr)
method. This calculated the amount of target normalized
to an endogenous reference (GAPDH) as described in the
Perkin-Elmer Applied Biosystems user bulletin. mRNA lev-
els in DNA transfected cells were compared to those in
non-stimulated controls. Real-time PCR was performed
with the following primers: ATGAGTGGTGGTTGCA
GGC (mIFN-B-f), TGACCTTTCAAATGCAGTAGATTCA
(mIFN-fB-r). TagMan probes consisted of an oligonucleo-
tide labelled at its 5" end with the reporter dye 6-carboxy-
fluorescein (FAM) and at the 3’ end with the quencher
dye 6-carboxytetramethylrhodamine (TAMRA). Probe
sequences were as follows: FAM-AAGCATCAGAGGC
GGACTCTGGGA-TAMRA (mIFN-f). Primer-probe sets
for the endogenous controls rodent glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were obtained from
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Table 1. PCR primers used in this study

Gene Primers (sense/antisense)

Mouse

mlL-6 S: GACAAAGCCAGAGTCCTTCAGAGAG
AS: CTAGGTTTGCCGAGTAGATCTC

mlIP-10 S: ACCATGAACCCAAGTGCTGCCGTC

AS: GCTTCACTCCAGTTAAGGAGCCCT

mTNF-o S: ATGAGCACAGAAAGCATGATC
AS: TACAGGCTTGTCACTCGAATT
mIFN- S: CCACAGCCCTCTCCATCAACTATAAGC
AS: AGCTCTTCAACTGGAGAGCAGTTGAGG
mf-actin S: GACATGGAGAAGATCTGGCAACCACA
AS: ATCTCCTGCTCGAAGTCTAGAGCAA
mMCP-1 S: ATGCAGGTCCCTGTCATGCTTCTGG
AS: CTAGTTCACTGTCACACTGGTCACTCC
mMCP-6 S: GCACATCAAAAGCCCACAGC
AS: TAGACAGGGGAGACAGAGGAC
mIMP2 S: GTTCCGGACGGAAGAAGTCC
AS: GCAGCTCATCTCCCAGGATG
mIMP7 S: GCTCCGGAGCTCGCACTTC
AS: TAGTTGTCTCTGTGGGTAG
mTAP1 S: GTCCAGATGCCTTCGCTATCAG
AS: GTTGGCTGTGTCCTCAGTCAC
mPKR S: TCCTCTGCCGTGGTTTTCCTTT
AS: ACAGGAGCCTGCCTTTCTCTTT
m2'5" OAS S: TGGCTGAAGAGGCTGATGTGTG
AS: TGAGGAAGGCTGGCTGTGATTG
Human
hIFN-B S: GAACTTTGACATCCCTGAGGAGATTAAGCAGC
AS: GTTCCTTAGGATTTCCACTCTGACTATGGTCC
hGAPDH S: ACCACCATGGAGAAGGCTGG

AS: CTCAGTGTAGCCCAGGATGC

Applied Biosystems and used according to the manufac-
turer’s instructions.

Standard viral plaque assay

MEFs were placed into six-well plates and incubated at
37° for 1 day. Cells were pretreated by transfection with
CT DNA and/or incubation with neutralizing antibody or
CpG DNA. After 16 hr, HSV-2 strain 333 was prepared
in MEM without FCS and diluted to generate 50-60
plaques/well. The medium was aspirated, and 0-2 ml of
virus was added to each well in triplicate for 1 hr, aspir-
ated, and replaced with 2 ml of minimal essential medium
containing 10% FCS. Two days later the cells were fixed
in formalin and stained with 0-8% crystal violet (Sigma).
Plaque counts were performed in triplicate.

Statistical analysis

To facilitate analysis of data from multiple repetitions of
individual experiments, results were standardized by cal-
culating the fold change in test versus control groups in
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each experiment. Student’s t-test was then used to evalu-
ate whether changes between groups were statistically
significant.

Results

Mammalian and synthetic dsSDNA up-regulate
cytokine mRNA expression by peritoneal
macrophages

Previous studies examining the immunomodulatory pro-
perties of ds mammalian DNA showed that RAW 264.7
cells transfected with calf thymus (CT) DNA in Fugene6
were stimulated to secrete TNF-o.” To confirm and extend
those observations, murine peritoneal macrophages were
transfected with ss or ds DNA. Whereas cells cultured with
Fugene6 transfection reagent alone were unaffected, cells
transfected with Fugene6 plus dsCT DNA significantly
up-regulated IFN-, TNF-a, IL-6, IL-10 and inducible pro-
tein-10 (IP-10) mRNA expression (Fig. 1a, b). DsDNA had
no effect on IFN-B, IFN-o or IL-12 mRNA levels (data
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Figure 1. Mammalian and synthetic dsDNA up-regulate cytokine
gene expression by murine macrophages. (a) Peritoneal macrophages
were transfected with Fugene6 alone (=) or combined with 3 pg/ml
of CT DNA or synthetic polynucleotides. mRNA expression was
monitored by RT-PCR 3 hr later. PCR conditions for each cytokine
were established such that a faint band was generated using control
mRNA. (b) Quantitative analysis of RT-PCR data from three inde-
pendent experiments performed as described in (a). mRNA levels
were quantitated by analysing PCR image intensity using ‘NIH
image’ software, and the data normalized to the endogenous B-actin
reference. Values represent the mean = SD increase in mRNA levels
when compared to cells treated with Fugene6 alone. *P < 0-05;
**P < 0-001 (compared with Fugene6 alone).
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not shown). Transfection with ssCT DNA had a detect-
able but significantly smaller effect than dsDNA. This
ssDNA was produced by heat denaturing dsDNA, raising
the possibility that a small amount of dsDNA might
remain. Thus, ds and ss polynucleotides were synthesized.
Whereas the synthetic ds polynucleotides induced the
same expected pattern of gene activation observed with
dsDNA, the ss polynucleotides had no effect on cytokine
mRNA levels (Fig. 1a, b). If dsDNA is digested by DNAse,
these effects were not observed (data not shown).

Contribution of IFN-f to the immune activation
elicited by dsDNA

Time course studies showed that cells stimulated with
dsDNA initially up-regulated their production of cyto-
kines, and subsequently increased their expression of
costimulatory molecules (such as CD40) and secreted
antimicrobial factors (such as NO)."!* To determine
whether the early cytokine production contributed to
subsequent cellular activation, cells incubated with
dsDNA in Fugene6 were cocultured with neutralizing
anticytokine antobodies. Anti-IFN-f antibody completely
blocked the up-regulation of CD40 expression by RAW
264.7 cells, reduced by > 95% NO production by perito-
neal macrophages (Fig. 2a, b) and blocked changes in
gene expression involving chemokines IP-10, monocyte
chemoattractant protein (MCP)1/6, antigen processing/
presentation transporters associated with antigen pro-
cessing 1 (TAP1), low molecular weight proteins 2/7
(LMP2/7) and antiviral pathways (2',5'-oligoadenylate
synthetases (OAS), RNA-activated protein kinase (PKR))
(Fig. 2c). Anti-IFN-B antobody did not alter the expres-
sion of IL-6, TNF-a or IFN-B mRNAs, however (Fig. 2¢).
In contrast, antibodies against TNF-o, IL-6, IL-10, IFN-o
and IFN-y had no significant impact on the activation
cascade triggered by transfected dsDNA (Fig. 2).

Kinetics and dose-response of IFN-f3 gene expression
following dsDNA stimulation

Given the apparent importance of IFN-f in mediating the
down-stream effects of dsDNA activation, the kinetics
and dose-response of this cytokine response were further
examined. As seen in Fig. 3, dsDNA stimulated both
macrophages and DC to up-regulate IFN-f mRNA
expression by >100-fold. In both cell types, IFN-B mRNA
levels peaked 3 hr after transfection, and persisted at ele-
vated levels for at least 12 hr. In contrast, Fugene6 alone
had no significant effect on IFN-} expression at any time.
The magnitude of IFN-B induction by dsDNA with
Fugene6 was compared to that induced by poly(I:C). As
seen in Fig. 3, the level of cytokine production induced
by 10 pg of dsDNA rivaled that elicited by 100 pg of
poly(I:C).
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Figure 2. Role of IFN-B in dsDNA-induced cell activation. (a) RAW 264.7 cells were untreated (grey shadow) or transfected with 3 pg/ml dsCT
DNA in Fugene6 (dark line). Cells were then incubated with 2-5 pg/ml of cytokine-neutralizing antibody for 16 hr, and CD40 expression ana-

lysed by FACS. Experiments were repeated three times with similar results. (b) Peritoneal macrophages were transfected with 3 pg/ml dsCT DNA

in Fugene6. Cells were then incubated with 2-5 ug/ml of cytokine-neutralizing antibody for 24 hr, and NO levels in culture supernatants deter-

mined. (c) Peritoneal macrophages were transfected with 3 pug/ml dsCT DNA in Fugene6. Cells were then incubated with 2-5 pg/ml of cytokine-

neutralizing antibody for 3 hr and mRNA expression monitored by RT-PCR. Data represent the mean * SD response of three independent

populations of macrophages, and were confirmed in two additional experiments. *P < 0-05 (compared with CT DNA transfected cells alone).

Non-mammalian dsDNA also up-regulates IFN-f3
expression

Previous studies examined the capacity of ds mammalian
DNA to stimulate APCs." To determine whether DNA
from other sources, including bacteria and viruses, might
have the same effect, single and double stranded DNA
from E. coli and HSV were evaluated. Of concern, the
genomes of HSV and E coli contain a high frequency of
immunostimulatory CpG motifs, that interact with TLR9
to stimulate an innate immune response characterized
by the production of multiple cytokines, including
[EN-B.2023-26

Two experiments were performed to examine the relat-
ive contribution of CpG- versus dsDNA-induced immune
activation by DNA from E. coli and HSV. First, DNA
from each source was rendered single stranded by
heat denaturation. As expected, cells treated with heat-
denatured CT DNA did not up-regulate IFN-B mRNA
production, since ss mammalian DNA is non-stimulatory
(Fig. 4). By comparison, heat denaturation of bacterial
and viral DNA reduced IFN-B mRNA levels by appro-
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ximately half (Fig. 4). Because CpG motifs are fully
stimulatory in ss form®**® this partial loss of activity sug-
gests that E. coli and HSV DNA may stimulate through
both CpG and dsDNA dependent mechanisms.

To examine this hypothesis, a second experiment was
performed to evaluate the ability of ss and ds DNA to
stimulate cells from TLR9 KO mice (which do not res-
pond to CpG motifs). When the contribution of CpG
motifs was eliminated, dsDNA from CT, E. coli and
HSV induced similar levels of IFN-B mRNA production
(Fig. 4). Stimulation of cells from TLR9 KO mice
required that the DNA gain entry to the cytoplasm (no
stimulation was seen in the absence of Fugene6), and that
it be in double-stranded form (no stimulation was seen
after heat denaturation).

Neither MyD88, TRIF nor DNA-protein kinase C
(PKC) are involved in the recognition of dsDNA

The above studies suggest that: (i) the immunostimu-
latory capacity of dsDNA from different organisms is
equivalent; and (ii) dsDNA can trigger APCs in a

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 302-310
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Figure 3. Effect of dsDNA on IFN-f mRNA expression by macro-
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determined by TagMan PCR. Results represent the mean fold
increase £ SD of mRNA levels from three independent experiments
when compared to unstimulated cells cultured for the same period.

150
With Fugene6

100 )

L

}

IFN-B (fold change)
o

150 Without Fugene6
ds
100 -
B ss
50
i r‘i I'L.
E. coli [ CT HSV E. coli l
W|Id type TLR9 KO

Figure 4. Effect of DNA transfection on IFN-B mRNA expression.
Peritoneal macrophages from from C57Bl/6 or TLR9 KO mice were
transfected with 3 ug/ml of ds or ss DNA in the presence or absence
of Fugene6. IFN-B mRNA levels were measured 3 hr later by quanti-
tative RT-PCR. Results represent the mean fold increase + SD in
IFN-B mRNA levels compared to cells transfected with Fugene6
alone from three independent experiments. *P < 0-05 (compared
with ssDNA group).

TLR9-independent manner. To determine whether other
TLR family members contribute to the recognition of
dsDNA, APCs from MyD88 and TRIF KO mice were
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studied (because MyD88 and TRIF are critical elements of
the signalling cascade elicited by all TLRs'). As seen in
Fig. 5(a, b), cells from wild type and KO strains respon-
ded similarly to stimulation by dsCT DNA.

Previous studies suggested that DNA-PKC might be
involved in DNA mediated immune activation.”’” Yet cells
from severe combined immunodeficient (SCID) mice
(defective in DNA-PKC function) responded normally to
stimulation by dsCT DNA (Fig. 5¢). The production of
other cytokines elicited by dsDNA (including TNF-a, IL-6
and IL-10) was similarly up-regulated in cells from nor-
mal and KO donors (data not shown). These findings
indicate that dsDNA recognition is not mediated by any
member of the TLR family or by DNA-PKC.

Non-immune cells can respond to dsDNA by
producing IFN-

If TLRs do not contribute to the recognition of dsDNA,
cell types lacking those receptors might be responsive to
intracytoplasmic dsDNA. To investigate this possibility,
several murine cell lines that do not express TLR9 (inclu-
ding C2C12 muscle cells, embryonic fibroblasts, TRAMP
prostate cells and MCA-106 sarcoma cells) were transfected
with dsDNA in Fugene6. As seen in Fig. 6, dsCT DNA
induced these non-immune lines to express IFN-f3 and var-
ious IFN-inducible genes, but not IL-6 or TNF-a (Fig. 6).
These results were duplicated in studies of human cancer
cell lines (VK2/E6E7 vaginal mucosa, KYSE70 oesophageal
squamous cell carcinoma, HLE hepatoma and Panc-1 pan-
creatic adenocarcinoma cells).

Murine embryonic fibroblasts transfected with dsDNA
resist HSV-2 infection through an IFN-B-mediated
process

To examine the ability of dsDNA to improve the resist-
ance of non-immune cells to infection, MEFs were trans-
fected with CT DNA for 16 hr prior to HSV-2 challenge.
Whereas neither CpG DNA nor Fugene6 protected
against infection, viral titres were reduced >85% in cells
treated with CT DNA (P < 0-001). This antiviral effect
was mediated by IFN-fB, because antibodies against that
cytokine abrogated dsDNA induced protection.

Discussion

Introducing dsDNA into the cytoplasm of immune and
non-immune cells stimulates the production of cytokines,
chemokines, and/or factors that reduce host susceptibility
to infection.'"™ This work demonstrates that IFN-B plays
a unique and critical role in this immunoprotective
cascade (Figs 1 and 2). Virtually all aspects of dsDNA-
dependent cellular activation, including the up-regulation
of chemokines, of antigen processing/presentation mole-
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Figure 5. Induction of IFN-B by dsDNA does not involve MyD88, TRIF or DNA-PKCs. BMDDC from WT, MyD88 KO, TRIF KO and SCID
mice were transfected with 10 ug/ml dsCT DNA in Fugene6. IFN-B mRNA levels were determined 3 hr later by RT-PCR. Experiments were

repeated three times with similar results.
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cules, and antiviral molecules, is abrogated by treatment
with neutralizing anti-IFN-f antibodies (Fig. 2). More-
over, the increased resistance to viral infection induced by
dsDNA is blocked by treatment with anti-IFN-f anti-
bodies (Fig. 7).

DsDNA triggers a large (>100-fold) and rapid (<1 hr)
increase in IFN- mRNA expression (Fig. 3). This is con-
sistent with findings from Yoshida et al. showing that the
accumulation of dsDNA in the cytoplasm of DNAse II
deficient macrophages (because of a defect in DNA degra-
dation) culminates in the hypersecretion of IFN-B.*® Pre-
vious studies established the importance of IFN-f (and
other type 1 IFNs) to APC function. They facilitate anti-
gen processing/presentation by inducing the expression of
TAP, LMP and MHC class I/Il molecules.?” They also
promote the differentiation of T helper 1 cells and con-
tribute to immune protection by directly inhibiting viral
replication in infected cells.”””" Thus, the immunomodu-
latory activity of dsDNA is consistent with the physiologi-
cal properties of IFN-f.
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Figure 7. DsDNA reduces susceptibility to HSV-2 infection. Monolayers of MEFs were transfected with 1 pg/ml of dsCT DNA or 3 pum of CpG
DNA. Cells were then incubated with 10 pg/ml of IFN-B-neutralizing or control antibody for 16 hr and challenged with HSV-2. Plaques were visu-
alized 2 days after infection by staining with crystal violet. All studies were performed in triplicate, with the histogram showing the mean + SD
virus titre/treatment group. Experiments were repeated twice with similar results. *P < 0-001 (compared with Fugene6 treatment group).
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Early research in this field showed that APCs were acti-
vated when mammalian dsDNA was introduced into their
cytoplasm.” In the current study, this was accomplished
experimentally with the aid of Fugene6, but could occur
physiologically following the uptake of apoptotic/necrotic
debris or chromatin-immunoglobulin complexes.'®'**??
Moreover, other agents that induce DNA internalization,
including lipofectamine, effectene and LyoVec, were
equally effective at promoting the immune response
induced by dsDNA. We postulated that other sources of
dsDNA might also be immunostimulatory, and found
that dsDNA of bacterial and viral origin mimicked the
immunostimulatory activity of self DNA (Fig. 4). These
findings suggest that intracytoplasmic dsDNA of any form
provides a ‘danger signal’ to the host. Consistent with
that conclusion, the magnitude of the IFN-B response
triggered by dsDNA rivalled that elicited by the immuno-
protective CpG motifs expressed by bacterial DNA
(Fig. 4).

The immunostimulatory activity of dsDNA and CpG
DNA were additive, indicating that these two forms of
activation utilize discrete signalling pathways. Supporting
such a conclusion, APC from TLR9, MyD88 and TRIF
KO mice responded to stimulation by dsDNA, indicating
that TLR were not involved in the recognition of dsDNA.
This finding is not entirely consistent with that of Yasuda
et al. who reported that dsDNA mediated activation of
APCs included both a TLR9-dependent and -independent
component.’* Studies of cells from KO mice indicate that
the immune activation induced by dsDNA is entirely TLR
independent (Fig. 5 and data not shown).

Current results further establish that TLR-negative non-
immune cells of both murine and human origin recognize
intracytoplasmic dsDNA and respond by up-regulating
expression of IFN-B and IFN-inducible genes. Consistent
with this conclusion, Li et al. found that an epithelial
tumour cell line transfected with dsDNA bacterial DNA
(in the form of a plasmid DNA vaccine) up-regulated
IFN-B and IFN-inducible gene expression.”® Thus, intra-
cytoplasmic dsDNA may trigger the production of factors
that reduce the susceptibility of even non-immune cells
to intracellular infection. Indeed, murine embryonic
fibroblasts treated with dsDNA were more resistant to
infection by HSV (Fig. 7). Additional study is needed to
identify the receptor(s) involved in the recognition of
dsDNA and to clarify the nature of the signalling cascade
responsible for such protection.
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